Abstract. The transport of pro-alpha-factor from the ER to the Golgi apparatus in gently lysed yeast spheroplasts is mediated by diffusible vesicles. These transport vesicles contain core-glycosylated pro-alpha-factor and are physically separable from donor ER and target Golgi compartments . The formation of diffusible vesicles from the ER requires ATP, Sec12p, Sec23p, and GTP hydrolysis. The vesicles produced are functionally
distinct from the ER: they transfer pro-alpha-factor to the Golgi apparatus faster and more efficiently than the ER, they do not require Secl2p or Sec23p to complete transfer, and transfer is resistant to GTPyS . Targeting of vesicles to the Golgi apparatus requires Yptlp and Sec18p. Fusion of vesicles that have targeted requires calcium and ATP tein coat . In addition to an effect on vesicle uncoating, GTPyS inhibits vesicle budding from the trans-Golgi network (Tooze and Huttner, 1990 ) .
Treatment of membrane or cytosol proteins with NEM blocks ER-to-Golgi (Baker et al., 1988; , and intra-Golgi protein transport (Balch et al., 1984) . In the latter, NEM treatment causes the accumulation of"uncoated" transport vesicles that are bound to Golgi membranes (Malhotra et al., 1988; Orci et al., 1989) . Addition of NSF (N-ethylmaleimide-sensitive factor) , restores transport to NEM-inhibited reactions (Glick and Rothman, 1987; Block et al., 1988; and promotes vesicle fusion (Malbotra et al ., 1988) . Sec18p is the yeast homologue of NSF (Eakle et al., 1988; Wilson et al., 1989) .
EGTA inhibits ER-to-Golgi, but not intra-Golgi protein transport (Baker et al., 1990; . Inhibition is reversed in both ER-to-Golgi transport reactions by addition of Cal+ to nanomolar levels. The sequential application of inhibitors has demonstrated that Cal+ is required at a late step in transport (Baker et al., 1990; Beckers et al., 1990) .
In this report we have exploited the differential inhibition of transport caused by Sec mutant proteins and chemical inhibitors to identify diffusible vesicles that mediate protein transport from the ER to the Golgi apparatus in gently lysed yeast spheroplasts . We developed assays that independently measure vesicle budding, targeting, and fusion, and have examined the specific protein and nucleotide requirements for each stage.
Materials and Methods

Materials
The yeast strains used in this study were RSY255 (MATE, 112) , RSY281 (MATc4 sec231, ura3-52, his4-619), RSY271 (MATa, , and sf226 (MATa, . Cells were grown in YPD medium (1% Bacto yeast extract, 2% Bacto peptone (Difco Laboratories Inc ., Detroit, MI), and 5% glucose) to early log phase as described in Baker et al . (1988) . All the reagents were obtained as described in Baker et al . (1988 Baker et al . ( , 1990 . Sucrose was obtained from Fischer Scientific Co . (Pittsburgh, PA) .
Preparation of Transport-competent Membranes and Cytosol
Cells were grown at 24°C in YPD medium to early log phase (-4 ODboo/ ml ; 1 ODboo unit is N107 cells) . Gently lysed yeast spheroplast membranes were prepared as described in Baker et al . (1988) . Zb prepare cytosol fractions, -2,000 ODboo units of cells were harvested by centrifugation and washed twice by dilution in B88 (20 mM Hepes pH 6.8, 150 mM KOAc, 5 mM MgOAc, and 250 mM sorbitol) . Cell pellets were resuspended in a Corex 30-nil glass tube, with 1 ml chilled 20 mM Hepes, pH 6.8, 5 mM MgOAc, 50 mM KOAc, 100 mM sorbitol, 1 mM ATP, 0.5 mM PMSF, and 1 mM DTT. Glass beads (4 g) were added and the cells were lysed by 8 x 30 s periods of agitation in a VWR vortexer (Scientific Industries, Inc., Bohemia, NY) at full speed . Samples were mixed with 1 .5 ml of 20 mM Hepes pH 6.8, 5 mM MgOAc, 2 M KCL, 400 mM sorbitol, 1 mM ATP, 0.5 mM PMSF, 1 mM DTT, and vortexed 4 x 30 s at full speed . The homogenate was clarified initially by centrifugation at 3,000 g for 5 min and the supernatant (3 ml) was further clarified by centrifugation at 100,000 g for 30 min . Cytosol was desalted by filtration in a Sephadex G25 column (15 ml, fine) that was equilibrated in B88 and 1 mM ATP The eluted protein peak was pooled and distributed in 50-60 Al fractions which were frozen in liquid nitrogen for storage at -80°C. Protein concentration, which ranged from 12 to 16 mg/ml, was measured by the Bradford assay and compared to a BSA standard .
In Vitro Transport
Stage I: Translocation. For each experiment an aliquot of frozen membranes (from 60 ODbpp units of cell equivalents) was thawed and washed three times by resuspension in B88 and brief (-10 s) centrifugation in a microfuge (Fischer Scientic Co .) . Membranes were then resuspended in an S100 yeast lysate that contained [35 8]methionine-labeled prepro-alphafactor (Baker et al ., 1988) and an ATP-regenerating system in final volumes of either 160 or 80 pl . The final concentration of components in a 25-1d translocation reaction was 375-500 pg membranes (measured by the method of Lowry (1951) , modified to contain SDS), 90,ug of yeast S1001ysate, 50 AM GDPmannose, 1 mM ATP, 40 mM creatine phosphate and 200 lag/ml creatine phosphokinase, all dissolved in B88 . The mix was incubated for 15 min at 10°C to allow posttranslational translocation, cooled to 4°C, and washed with 1 nil B88 and centrifuged in a microfuge . Membranes were then resuspended in 1 ml B88 and mixed by rotation at 4°C for 7 min . A final pellet fraction was resuspended in B88 at a concentration of 150 to 200 kg per 10 Al .
Stage II: Transport. Stage II incubations (25 Pl) contained 10 Al of stage I membranes, 90 gg of cytosol (preincubated for 5 min at 29°C), 50 AM GDP-mannose, 1 mM ATP, 40 mM CP, 200 Ag/ml CPK, all in B88. The amount/concentration of other chemicals added per reactions was : 1 pg antiYptlp Feb fragments, 0.66 tcg of yeast Yptlp isolated from Fscherichia coli (Baker et al ., 1990) , 20,uM GTPyS t 1 mM GTP ; 10 mM NEM t 20 mM DTT; 5 mM EGTA/600 AM MnC12 t 250 AM CaC12 . The concentration of free ions in this EGTA buffer was estimated to be -63 nM calcium and -10 nM manganese using a modified version of the computer program described by Robertson and Potter (1988) .
For all time courses, a 200 Al stage II mix was prepared and aliquoted in 25 Al portions into 0.5 ml microfuge tubes . The tubes were incubated at either 0, 20, or 29°C for the indicated times. Each tube represented one time point . Reactions were terminated by placing each tube at 0°C until the last time point was taken . After the completion of the time course each tube was fractionated by centrifugation for 37 s in a microfuge (Fischer Scientific Co .) . A 15-gl medium speed supernatant (MSS) fraction was taken and the remaining MSS was aspirated . The medium speed pellet (MSP) fractions were resuspended to 25 Al and 15 Al was processed . Each fraction was
The Journal of Cell Biology, Volume 114, 1991 treated with 250 kg/ml trypsin for 10 min at 4°C and then with 250 pg/ml trypsin inhibitor for >5 min at 4°C . SDS was added to a final concentration of 1% and the tubes were heated at 95°. C for 7 min . Equal aliquots from each tube were treated'with either Con A-Sepharose or protein A-Sepharose coupled with anti-a1,6 antibody as described by Baker et al . (1988) . Pro-alpha-factor constitutes the only radiolabeled protein. The radioactive immunoprecipitates were heated to 95°C in 1% SDS for 7 min and dissolved in Universol ES scintillation fluid (ICN Biomedicals, Irvine, CA) for quantitation in a scintillation counter.
Stage III: Transport Intermediate Chases. Yptlp Feb and Cat+-requiring intermediates were generated at 20°C in large (200 A1) stage II incubations using wild-type or mutant lysates as indicated. At the end of stage u incubations, the reactions were fractionated by centrifugation in a microfuge (Fischer Scientific Co.) for 1 min at 4°C. A 150-141 MSS fraction was taken from the meniscus . Each 150 Al MSS fraction was further centrifuged at 88,000 g for 15 min at 4°C to generate a high speed pellet (HSP) . The HSP fractions were resuspended in B88 in the case of Yptlp Feb intermediates or in EGTA/Mn" buffer in the case of Cat+-requiring intermediates . An ATPregenerating system, cytosol, and fresh membranes were supplied to the Yptlp Feb intermediate to the same concentrations as in a stage II incubation . Unless otherwise indicated, ATP and calcium (250 AM) were added to the chase incubations that contained the Cat+-requiring intermediate. Chemical inhibitors were used at the same amount/concentration as described for stage II incubations . Completed stage III incubations were chilled on ice, mixed with SDS to 1%, and heated to 95°C for 7 min . Equal aliquots from each tube were processed as described for stage II reactions .
Fractionation in Sucrose Gradients
MSS fractions (150 Al) were obtained from large incubations . Each MSS fraction was mixed with either 50 Al of B88 (-salt) or 50 Pl of B88 plus 3.6 M KCL (+salt) and further incubated for 5 min at 20°C . The mix was then cooled and loaded on top of a sucrose gradient with a log-linear distribution of sucrose from 15 to 45 % (wt/wt) in B88. The gradients were then centrifuged at 32,000 rpm for 2 h at 4°C in a rotor (model SW50.1 ; Beckman Instruments, Inc ., Palo Alto, CA) . Gradient fractions were collected from the top into 36 x 150 Al fractions. The densities of every other fraction were measured in a Zeiss refractometer and expressed as percent (wt/wt) sucrose . The [ISS]gpaf content of every other fraction was determined by Con A and anti-a1,6 mannose/protein A precipitation as before (Baker et al ., 1988) .
The log-linear sucrose gradients were prepared by overlaying at room temperature 0.4 ml of 55% (wt/vol) sucrose, 0.5 ml of 40% sucrose, 0.5 ml of 30% sucrose, 1 .2 ml of 25% sucrose, 1 .2 ml of 20% sucrose, and 1 .2 ml of 15 % sucrose in a 5 .3 ml Ultraclear Beckman thin wall tube (Beckman Instruments, Inc .) . This step gradient was then centrifuged for 3 h at 32,000 rpm in a rotor (SW 50.1 ; Beckman Instruments Inc .) at 4'C to create a smooth sucrose gradient .
Quantitative Translocation Assay
The fractions tested for translocation activity were generated in a "mock" stage II reaction that lacked radioactive precursor. Samples representing each time point were fractionated in a Fischer microfuge (Fischer Scientific, Pittsburgh, PA) as described for stage u incubations to generate 15 Al MSP and MSS fractions . A 5-Al aliquot of each MSS and MSP fraction was mixed with 5 Al of an S1001ysate containing [ 35 8]methionine-labeled prepro-alpha-factor, an ATP-regenerating system, and B88 in a final volume of 25 Al . The mix was then incubated for 30 min at 20°C to allow translocation . The completed reactions were cooled, SDS was added to 1%, and the mix heated at 95°C for 7 min . Translocated core-gpaf was quantified by Con A precipitation and scintillation counting. This translocation assay is linear in the range of membrane concentrations used .
Results
Review ofIn Vitro Reaction
Protein transport from the ER was reconstituted in gently lysed yeast spheroplasts (membranes) using radiolabeled 35S- pre-pro-alpha-factor (ppaf) as a marker secretory protein (Baker et al., 1988) . The marker is posttranslationally translocated into the lumen of the ER during a 15 min incubation at 10°C (stage 1) . Once in the ER lumen, pro-alpha-factor is glycosylated with three N-linked core-carbohydrate chains . Membranes are separated from untranslocated precursor by centrifugation, then incubated at 20°C with a cytosol fraction, an ATP-regenerating system, and GDP-mannose (stage 11) . During this stage, core-glycosylated pro-alpha-factor (core-gpaf) is transported to the Golgi apparatus where it is further modified with "outer-chain" mannose residues in a1,6 linkage. All glycosylated forms of pro-alpha-factor (gpaf) bind to the plant lectin Con A whereas all outer-chain modified forms of gpaf bind to antibodies specific for al,6 mannose linkages (Franzusoff and Schekman, 1989) . Transport efficiency is expressed as the ratio of radiolabeled gpafprecipitated with outer-chain antibodies to total gpafprecipitated with ConA. We previously showed that transport reaches 25 % efficiency, requires cytosol, ATP, GTP hydrolysis, Cal+, Sec23p, and Yptlp, and exhibits a 6-10-min lag phase (Baker et al ., 1988 (Baker et al ., , 1990 .
After completion of an in vitro transport reaction, most of the ER, marked by NADPH cytochrome c reductase activity, sediments to a pellet during centrifugation at 7,600 g whereas most of the outer-chain-modified gpafaccumulates within a compartment that sediments more slowly and remains in the supernatant (Baker et al., 1988) . Based on the observation that outer-chain growth is incomplete in vitro (Franzusoff and Schekman, 1989) we believe that outer-chain gpafaccumulates within an early Golgi compartment, possibly because the requirements for transport to a distal Golgi compartment are not met by the conditions of our incubation .
Pro-alpha-factor Is Packaged into a Pbst-ER Compartment Given the difference in sedimentation of the ER and Golgi
Rexach and Schekman ER-derived Protein Transport Vesicles Figure 1 . Pro-alpha-factor is packaged into a slowly sedimenting post-ER compartment during in vitro transport . (A) Stage I membranes containing 3 IS-gpaf were mixed with 90 pg of cytosol, an ATP regenerating system and GDP-mannose . Portions (25 jl) were distributed into 0.5-ml microcentrifuge tubes and incubated at 20°C for various lengths of time (stage II) . The zero time point remained at 0°C throughout . Chilled samples were then fractionated into medium speed pellet (MSP) and medium speed supernatant (MSS) fractions . Each fraction was treated with trypsin and then trypsin inhibitor. The protease treated reactions were heated in 1% SDS and the glycosylated proalpha-factor quantified as described in Materials and Methods . The zero time point of the MSS (always G10% of maximum signal) was subtracted asbackground from the other MSS fractions to obtain the values shown . (B) A two-stage reaction without added radiolabeled precursor was performed as in A. The reactions were fractionated into MSS and MSPfractions and the translocation activity ofeach was measured as described in Materials and Methods . The activity in the MSS fraction at time zero (3 % of maximum) was subtracted as background from the values obtained in the other MSS fractions .
compartments, we examined slowly sedimenting membrane fractions generated early in a transport incubation for evidence of a vesicular intermediate that contained core-gpaf. The production of slowly-sedimenting membranes containing gpaf ( Fig . 1 A, top) , and depletion from the pellet fraction (bottom), was monitored during a stage 11 incubation . To ensure that only membrane-enclosed gpaf was quantified, fractions were treated with trypsin to degrade material released by membrane rupture . gpaf was not inherently trypsin resistant because it was degraded when detergent was included to lyse membranes. Of the total gpaf, 45 % was released to the supernatant fraction and of this, 40% received outer-chain carbohydrate . The appearance of gpaf in the supernatant fraction occurred with no lag whereas outerchain gpafbegan to accumulate only after 15 min. Thus, the two forms of gpaf appeared in the supernatant fraction with different kinetics, suggesting that a vesicle intermediate containing core-gpaf was released from the rapidly sedimentable membrane en route to the Golgi apparatus, located mostly in the supernatant fraction . SDS-PAGE and autoradiography of the material released early showed it to consist strictly of core-glycosylated gpaf (not shown) .
The membrane-enclosed gpaf that was released was not derived by nonspecific fragmentation of the ER. A mock incubation lacking 'SS-ppcef was fractionated at intervals and membranes in the supernatant and pellet fractions evaluated for the ability to form new gpaf ( Fig . 1 B) . Essentially all (>95 %) of the translocation activity, a marker of ER, was preserved and continued to sediment in the pellet fraction . Furthermore, release of membrane-enclosed gpaf into the supernatant fraction required cytosol and ATP at an optimum temperature range between 20 and 29°C (Fig . 2) indicative of a specific cellular process . Fig . 3 is a cartoon of the in vitro transport reaction . The Figure 2 . Requirements for the release of pro-alpha-factor in a slowly sedimenting compartment. After stage I, membranes were washed twice and aliquoted into tubes that contained the indicated components . To the tubes containing no ATP, apyrase (0.25 U) was added to hydrolyse residual ATP; these tubes were supplemented with 50,uM GDP-mannose, normally added in the ATP regeneration mix . The reaction volumes were adjusted to 25 A1 with reaction buffer. After 75-min incubations at different temperatures, each sample was fractionated, protease-treated and processed as described in Fig . 1 A.
ER remains associated with the broken cells and sediments rapidly (MSP) in a microcentrifuge while ER-derived vesicles are released from the cells before they target and fuse with the Golgi apparatus which also fractionates mostly in the supernatant (MSS) fraction . To establish the authenticity of this model temperature-sensitive Sec proteins and chemical inhibitors were tested for their ability to block differentially these reactions . For convenience, the results are summarized in the diagram .
Distinct Requirementsfor Vesicle Budding and Fusion
To distinguish the processes that generated slowly sedimenting membranes that contained core-and outer-chain forms of gpaf, we evaluated their appearance in lysates of sec mutant strains that are defective in the production or consumption of ER-derived transport vesicles (Kaiser and Schekman, 1990) . The kinetics of release of membrane-enclosed gpaf (Fig . 4 , circles) and formation of outer-chain-gpaf (Fig . 4, triangles) was monitored at 20 and 29°C, temperatures judged to be permissive and restrictive, respectively, for sec12, sec23, and sec18 lysates . The formation of outerchain-gpaf proceeded more rapidly at 29°C than at 20°C in wild-type lysates (Fig . 4 A, right) . In sec12 and sec23 lysates this transport was reduced by 75%, and in sec18 by 50 (Fig . 4 , B-D, right) . Although higher temperatures further reduced the extent of transport in mutant lysates, reactions with wild-type components also were less efficient . Release of membrane-enclosed gpaf into the supernatant fraction was also more rapid at 29°C than at 20°C in wildtype lysates (Fig. 4 A, left) . No defect in the release was detected in incubations containing sec18 membranes and cytosol (Fig . 4 D, left) . secl2 and sec231ysates showed a considerable reduction, 75 and 60 % respectively, in the final extent of release of gpaf at 29°C relative to 20°C (Fig . 4 , B and C, left). Some of the gpafreleased early in sec12 incubations was returned to a rapidly sedimenting form . The initial rate of gpaf release in sec/2 and sec23 lysates was not reduced, perhaps reflecting a lag in the inactivation of the muThe Journal of Cell Biology, Volume 114, 1991 tant protein . Unfortunately, preincubation of mutant or wildtype membranes at 29°C under conditions of no budding (e .g., no ATP) caused membranes to lose transport activity. Taken together, these results suggest that Secl2p and Sec23p are required to generate a slowly sedimenting membrane that contains core-gpaf whereas Sec18p is required for the transfer of this species to the compartment that assembles outer-chain carbohydrate .
Differential sedimentation analysis was also used to examine the effect of chemical inhibitors of transport on the generation and consumption of the slowly sedimenting membranes that contained core-gpaf. Formation of outer-chain gpaf was inhibited by Feb fragments of an antibody raised against Yptlp (Baker et al ., 1990) , by chelation of Cal+ with EGTA, by treatment of membranes and cytosol with NEM, and by incubation in the presence of GTPyS (Fig . 5, right panels) . In each case, inhibition was prevented by a specific antidote (Fig. 5 A, excess Yptlp ; B, Cal+ ; C, DTT ; D, GTP) . The generation of slowly sedimenting membranes containing gpaf was not affected by the first three inhibitors . GTPyS, however, reduced by 94% the initial rate of production of this slowly sedimenting species, but reduced the final extent of production by only 40% . Taken together, these results suggest that Yptlp, Cal+, and an NEM-sensitive protein perform roles in the consumption but not formation of a putative vesicular intermediate in protein transport from the ER . GTP hydrolysis, however, seems to be important both in the formation and consumption of diffusible vesicles . A further distinction among the various "fusion" transport blocks was revealed by velocity sedimentation in sucrose gradients ofmembranes in the supernatant fractions from inhibited reactions. Gradient separation was designed to test whether the membranes that contained core-gpaf were attached or separate from the membranes that contained outerchain gpaf. Membranes were distinguished by their content of core-gpaf (Con A-precipitable 'SS-gpaf corrected by subtraction of outer-chain antibody precipitable 35 S-gpaf) or outer-chain gpaf. Membranes that contained outer-chain gpaf represent a compartment of the Golgi apparatus (see review of in vitro reaction) .
Membranes collected in the supernatant fraction ofa 20°C incubation of wild-type components sedimented fast in a 15-45 % (wt/wt) sucrose gradient, approaching an equilibrium density in fraction 30 (Fig. 6 A) (Fig. 6 A, open circles) and outer-chain gpaf (closed triangles) were superimposed with a slightly greater fraction of the core-gpaf in the more slowly sedimenting fractions . Calcium chelation, which blocked formation of outer-chain gpaf, nevertheless produced coregpaf-containing membranes that sedimented to the position of the Golgi compartment (Fig. 6 B) .
A different spectrum of membranes was produced with other inhibitors. Membranes collected in the supernatant fraction when transport was blocked with antiYptlp F~, sedimented slowly, centered about a peak at fraction 17 (Fig. 6  C) . A similar pattern (peak fraction at 19) was seen with NEM-treated membranes and cytosol (Fig. 6 E) . In this case, residual outer-chain gpaf produced in spite of the NEM treatment sedimented near the bottom of the gradient as in a normal reaction.
The production of slowly sedimenting membranes that contained core-gpaf was delayed but not dramatically reduced by incubation with GTPyS (Fig. 5) . After a 90-min
D minutes
The Joumal of Cell Biology, Volume 114, 1991 incubation, the released material sedimented on a sucrose gradient to the same position as untreated membranes (data not shown) . However, treatment of membranes with 0.9 M KCL for 5 min at 20°C before centrifugation caused the membranes to sediment more slowly as a uniform peak centered around fraction 17 (Fig. 6 D) . GTP-yS-inhibited membranes may accumulate as aggregates that are dispersed by increased ionic strength, or as vesicles bound to the Golgi apparatus through electrostatic interactions . The pattern of sedimentation of membranes generated in uninhibited reactions or in Call-depleted reactions was not affected by incubation with 0.9 M KCL before centrifugation (data not shown) .
Membranes and cytosol prepared from sec18 were incubated at 29°C and compared to wild-type fractions treated similarly. Under these conditions the mutant reaction was only 50% blocked (Fig. 4 D) , however a large difference in the fraction of core-gpaf sedimenting slowly in the sucrose gradient was observed (Fig. 6, F and G) . A peak of coregpaf, centered at fraction 15, accumulated at 29°C in incubations ofthe mutant lysate. Outer-chain-gpaf, produced because the mutant block was not completely restrictive, . For the NEM-inhibited reaction, membranes and cytosol weretreated with 10 mM NEM for 10 min at 4°C in the presence or absence of20 mM DTT followed by incubation with 20 mM DTT for 5 min at 4`C to quench unreacted NEM . After treatment, the ATP regeneration system was added, the mix was aliquoted, and the tubes were incubated at 20°C (C) . Appearance of gpaf in +GTP yS the MSS fraction is plotted in the left panels and detection of outer-chain gpaf in the MSS is plotted in the right panels . The zero time point of each set of MSS samples was subtracted as background from the corresponding MSS fractions toobtain the values shown . In all cases, uninhibited transport was -25 % efficient .
NEM treated sedimented at the normal position near the bottom ofthe gradient.
The results of sedimentation analysis showed that a slowly sedimenting vesicle, distinct from the Golgi compartment in which outer-chain is assembled, accumulates when the function of Yptlp, Secl8p, or an NEM-sensitive component(s) is inactivated . Although the rate of production of this species is greatly reduced by incubation in the presence of GTPyS, a vesicle that is distinct from the Golgi compartment also accumulates . Call is required at a later step, after the vesicle intermediate adheres to the Golgi compartment .
Consumption of Transport Intermediates
Completion of transport, measured by formation of outerchain-gpaf, was detected when the core-gpaf-containing membranes accumulated in the presence of Yptlp antibody Fab fragments or EGTA were incubated with fresh components. Membranes in the supernatant fraction of reactions performed in the presence ofthese inhibitors were centrifuged at 88,000 g for 15 min to create high speed pellet fractions devoid of soluble components . Membrane pellets were then 224 Rexach and Schekman ER-derived Protein Transport Vesicles (Fig. 7) .
Transport from the Caz+-requiring intermediate required ATP, and was optimal at temperatures between 20 and 29°C in the presence of Ca z+ . Transport was not stimulated by the addition of fresh membranes or cytosol (not shown) . Consumption of this intermediate at 20°C was fast and reached 40% efficiency (Fig . 7) . The typical transport lag phase seen in stage II incubations was absent in stage III incubations (Fig . 7) .
Consumption of the transport intermediates was also tested for Sec protein dependence and sensitivity to chemical inhibitors . Completion of transport from the Yptlp-Feb intermediate was blocked by fresh addition of antibody frag- . Thereactions were terminated and processed as described in Fig. 7 . The results are plotted as percent of maximum transport. Maximum transport was obtained in a parallel chase without inhibition (not shown) . Background transport from stage II was subtracted to obtain the values plotted. (B) Yptlp-Feb intermediate/HSP fractions were generated in wild-type and mutant lysates at 20°C and were mixed with ATP, cytosol, and fresh membranes from each mutant, respectively. The required components were pretreated for 10 min at 20 or 29°C before mixing with the HSP fractions. Pretreatment of the HSP fractions before mixing with the required components yielded the same results. The reactions were performed at 20°C for 65 min and processed as described in A. Transport at 20°C represents maximum transport. Background transport was corrected as above. (C) A Caz+-requiring intermediate/HSP fraction generated in a wildtype lysate at 20°C was resuspended in EGTA/Mnz + buffer and aliquoted to tubes containing ATP, calcium (250 )M), and the various inhibitors . Calcium was omitted where indicated. The concentration of inhibitors and NEM treatment are the same as described in Fig. 5 . The chase incubations were performed at 20°C during 75 min and processed as described in A . Maximum transport was obtained in a parallel chase without inhibition (not shown) . Background transport was corrected as above. (D) Cal'-requiring intermediate/HSP fractions were generated in wild-type and mutant lysates at 20°C and resuspended with EGTA/Mnz+ buffer containing ATP. The tubes were incubated at 20 or 29°C for 20 min and then calcium (250 ttM) was added and the reactions were further incubated at 20 or 29°C for 55 min. Transport at 20°C represents maximum transport. Background was corrected as above.
The Journal of Cell Biology, Volume 114, 1991 ments, by EGTA, and by treatment of membranes and cytosol with NEM (Fig . 8 A) . Chase of the Cal+-requiring intermediate was insensitive to antiYptlp Feb fragments, but was inhibited in the absence of calcium or by NEM treatment (Fig . 8 C) . GTPyS had no effect on either stage III incubation . Chase of the antibody block was not affected by incubation of wild-type, sec12, or sec23 components at 29°C prior to a stage III reaction, but was reduced 50% in sec18 fractions. This reduction was similar to the effect of sec18 on the overall stage II reaction (Fig . 4 D) . Chase of the Caz+-requiring intermediate was not diminished in stage III incubations preincubated and conducted at 29°C with components prepared from sec12, sec23, or sec18. Taken together these results suggest that consumption of a stable transport intermediate requires the sequential action of Yptlp, Sec18p, and Caz+, and that Secl2p and Sec23p are not required for transport from the vesicular intermediate .
Discussion
We have exploited a yeast cell-free protein transport reaction to define a vesicular intermediate that carries core-gpaffrom the ER to the Golgi apparatus. The transport vesicles sediment distinctly from the ER and Golgi membranes, and are devoid of protein translocation or outer-chain carbohydrate modification activities which mark the ER and the Golgi membranes, respectively. We find that the formation of diffusible vesicles from the ER requires ATP, GTP hydrolysis, and cytosol, but does not require Caz+ or an NEM-sensitive protein. Delivery of vesicle contents to the Golgi apparatus also requires ATP, cytosol, but in addition requires an NEW sensitive protein(s) and Caz+ . Specific protein requirements were revealed by inhibition of Sec protein function . Secl2p, an integral ER membrane glycoprotein (Nakano et al ., 1988) , and Sec23p, a peripheral membrane protein (Hicke and Schekman, 1989) , are required for vesicle budding; Secl8p, a cytosolic and peripheral membrane protein (Eakle et al ., 1988) , and Yptlp, cytosolic and on the surface of the Golgi apparatus (Molenaar et al ., 1988 ; Segev et al ., 1988) , are required for vesicle targeting.
A summary of the findings from the cell-free reaction is shown in Fig. 3 . This work demonstrates biochemically the existence of an intermediate compartment between the ER and the Golgi apparatus, assigns a novel role for Yptlp and Sec18p in vesicle targeting, and presents evidence for the role of multiple GTP-binding proteins in one round of vesicular transport .
Infusible Transport Vesicles
Transport vesicles that accumulate in sec18 incubations or in the presence of inhibitors (Yptlp antibody Feb fragments, GTPyS, NEM treatment) sediment more slowly (N180S) than ER and Golgi membranes (>300S), marked respectively by translocation activity and content of outer-chain-gpaf . Could these vesicles represent a subcompartment of the ER devoid of translocation activity or a cis-compartment of the Golgi, rather than a transitional vesicle? Three arguments favor the transitional vesicle assignment . First, sec18 cells accumulate 50-nm vesicles in addition to ER tubules at the restrictive temperature (Kaiser and Schekman, 1990) . These vesicles are intermediates in protein transport because their appearance in vivo depends upon prior action of SEC genes required for vesicle formation . Incubation ofsec18 lysates at the restrictive temperature produces slowly sedimenting membranes that contain core-gpaf and are devoid oftranslocation activity. Because the reaction conditions are not completely restrictive, some outer-chain gpaf is produced and accumulates within a compartment that sediments more rapidly (Fig. 6 G) . Thus, the slowly sedimenting vesicle species that accumulates is not bound to the Golgi compartment defined by its content of outer-chain gpaf. Likewise, reactions inhibited by NEM treatment produce slowly sedimenting membranes as well as membranes that sediment fast and contain outer-chain gpaf. Second, it is unlikely that the vesicles represent a subcompartment of the ER because completion of transport from the slowly sedimenting intermediate does not require the function of Secl2p and Sec23p (Fig. 8) which are required forvesicle formation from the ER in vivo (Kaiser and Schekman, 1990) and in vitro (this work) . Third, completion of transport from the vesicle intermediate proceeds efficiently in the presence of GTPyS. If the vesicle intermediate was a specialized region of the ER or a cis-compartment ofthe Golgi, completion oftransport to the siteofouterchain addition would involve a complete cycle of vesicle budding and fusion and would likely be inhibited by GTPyS, an inhibitor of many reconstituted vesicle-mediated transport events (reviewed by Balch, 1989) .
We suggest that Sec18 and Yptl proteins function to promote or maintain the attachment of transport vesicles to the Golgi membrane since inhibition of either one results in the accumulation of ERderived vesicles not firmly bound to the Golgi membranes . Given the selective localization of the members of the Yptl/Sec4 family of proteins (Chavrier et al., 1990) it is possible that Yptlp forms part of a specific targeting signal whereas Secl8p forms part ofa more general membrane attachment machinery.
The conclusion that Secl8p functions in vesicle attachment differs somewhat from the role in membrane fusion proposed for its mammalian homologue, NSF (Malhotra et al., 1988) . Malhotra et al . found that inactivation of NSF by NEM treatment leads to the accumulation of uncoated Golgi vesicles firmly bound to target Golgi cisternae . This is interpreted as an intermediate stage in vesicle fusion. However, unlike the situation we find with diffusible transport vesicles derived from the ER, vesicles that mediate transport within the Golgi complex seem always to be bound to a donor or acceptor cisterna . If one assumes that some cytosolic structure assures the local retention of Golgi-derived vesicles, then NSF may perform the docking function we propose for Secl8p.
Experiments designed to reveal the sequence of requirements for consumption ofthe vesicle intermediate show that the Call-dependent step is late, after the Yptl/Secl8 step (Fig. 8) . Reactions blocked by chelation of Caz+ accumulate core-gpaf in a compartment that sediments to the same position as Golgi membranes (Fig. 6 B) . Caz+ chelation may cause the accumulation of vesicles firmly docked on the Golgi membrane, thus implicating Caz+ in vesicle fusion but not targeting . Alternatively, Ca 2+ chelation may prevent outer-chain glycosylation of core-gpaf in the lumen of the Golgi apparatus. The second possibility is difficult to reconcile with the observation that formation of outer-chain gpaf Rexach and Schekman ER-derived Protein Transport Vesicles from the Caz+-requiring intermediate requires ATP and is inhibited by NEM .
GTPBinding Proteins
At least two stages, vesicle release and targeting, require GTP hydrolysis or a small GTP binding protein in the cellfree transport reaction described here. The nonhydrolyzable analogue GTPyS introduces a 20-30-min lag phase in vesicle release (Fig. 5 D) . This delay may reflect an inhibition of vesicle budding or may result from the production of vesicle aggregates which dissociate with time. Alternatively, GTPyS may slow the rate of packaging of core-gpaf into vesicles . Tooze and Hutmer (1990) also reported that vesicle budding or release from the trans-Golgi network is inhibited by GTPyS.
Longer incubations in the presence of GTPyS result in significant vesicle release. Vesicles formed in the presence of the analogue are defective in delivering core-gpaf to the Golgi for outer-chain addition even after removal of GTPyS and addition of fresh components and GTP (not shown) . These vesicles may be improperly formed and lack components necessary for fusion . Alternatively, GTP hydrolysis by a distinct GTRbinding protein may be required for vesicles to "mature" in preparation for fusion . GTPyS bound to this "maturation" protein would prevent subsequent fusion of the vesicle.
GTPyS was first shown to inhibit vesicular traffic in the Golgi apparatus (Melançon et al., 1987) . A quantitative EM assay was used to show that GTPyS inhibits vesicle fusion. Inhibited reactions display numerous nonclathrin-coated vesicles which have completed budding and are loosely bound to target Golgi cisternae . Subsequent fusion requires uncoating before the action of NSF/ Secl8p . These results were used to conclude that GTP hydrolysis is required only for vesicle uncoating. However, an inhibition or delay of budding by GTPyS may have been missed because of the difficulty of measuring bud formation at very early time points in the incubation.
Three different small GTP binding proteins have been implicated in protein transport from the ER in yeast. These are Yptlp (Segev et al., 1988 ; Bacon et al., 1989; Baker et al., 1990) , Sarlp (Nakano and Muramatsu, 1989) , and possibly Arflp (Stearns et al., 1990) . Phenotypic analysis of mutant alleles of the three genes has not allowed assignment of roles in vesicular traffic for the members of this group.
A logical target of GTPyS in the budding reaction is Sarlp, a ras-like GTP binding protein whose gene was cloned as a multicopy suppressor of the sec12-1 mutation (Nakano and Muramatsu, 1989) . Recent experiments suggest that Sarlp interacts directly with Secl2p (D'Enfert et al ., 1991) . As Secl2p is implicated in budding it seems possible that GTP binding or hydrolysis by Sarlp may facilitate some aspect of Secl2p function in the budding reaction. A process such as the recruitment ofsubunits of a coat structure could be facilitated by cycles of Sarlp-mediated GTP hydrolysis. GTP hydrolysis may accelerate, but not be required for the assembly of such a coat structure.
Another ras-like GTRbinding protein, Yptlp acts at a distinct later step to promote targeting of vesicles to the Golgi membrane. Yptlp antibody Feb fragments (Figs. 5 A and 6 C) and yptl is mutant cytosol fractions (not shown), cause slowly sedimenting transitional vesicles to accumulate. It is unlikely that Yptlp functions to promote vesicle budding since neither a is mutation in the protein nor polyclonal antibodies against the protein inhibit vesicle release. Addition of fresh cytosol and membranes fully restores transport from these vesicles ( Fig. 7; Fig . 8, A and B) . Unlike the overall reaction, the reversal of the Yptlp antibody block is not affected by GTRyS (Fig. 8 A) . This implies that GTP hydrolysis by Yptlp is not required to complete at least one cycle of targeting mediated by this protein. In contrast to this conclusion, mutations that inactivate GTP hydrolysis by Yptlp create a secretory defect in vivo (Schmitt et al., 1986) . This apparent contradiction may be reconciled by assuming that GTP binding is sufficient to sustain Yptlp function, while GTP hydrolysis may only be required to recycle protein from a completed docking or fusion event. Alternatively, GTP-bound Yptlp may not exchange with GTP7S during the course of a single transport event. The conditions ofour in vitro incubation may not demand reuse of GTP-bound Yptlp .
Sec Protein Requirements for Vesicle Budding
Vesicle budding requires only a subset ofthe proteins necessary for an entire round of transport from the ER. Genetic and cytological characterization led to the proposal that an interacting group ofgene products, Secl2p, Sec13p, Sec16p, and Sec23p are required for vesicle budding or some step before budding, and that Secl7p, Secl8p, and Sec22p perform a role in vesicle fusion (Kaiser and Schekman, 1990) . We tested eachofthese mutants in vitro at 29°C, the highest temperature that sustains full transport with wild-type components. Only a subset ofthese mutants were sufficiently defective at this temperature to allow an evaluation of the nature of the block. Incubations containing sec12 or sec23 components show clear but delayed inhibition of the budding reaction (Fig. 4, Band C) . This delay may simply reflect the time it takes for the mutant protein to become inactive at 29°C. Sec12 mutant membranes display an unusual pattern of budding at 29°C. After an initial normal 20-min period of budding, rather than leveling off as observed in sec23 incubations, slowly sedimenting core-gpaf appears to be converted to a rapidly sedimenting form. This could mean that defective vesicles are produced during the first minutes ofincubation that are then readsorbed by the ER, or aggregate, when mutant Sec12p becomes inactive. sec12 mutant membranes did not lyse more readily than wild-type membranes indicating that rupture and release of protease-accessible core-gpaf is not responsible for this anomalous behavior.
The simple and quantitative separation of vesicle and ER membranes by differential centrifugation provides a direct assay for cytosolic and peripheral membrane proteins required for the budding event . In addition, rapid separation of transitional vesicles budded from the ER provides a convenient source of membrane for purification and molecular characterization of the transport vesicles . The existence of a coat structure comparable to that found in Golgi-derived transport vesicles may be assessed morphologically on transitional vesicle fractions obtained by any of the inhibitory conditions described here. This paper is dedicated to David Ruohola and Hannele Baker on the occasion of their engagement .
